A new large-scale cloud and precipitation scheme, which accounts for the subgrid-scale variability of clouds, is coupled to NCAR's Regional Climate Model (RegCM). This scheme partitions each grid cell into a cloudy and noncloudy fraction related to the average grid cell relative humidity. Precipitation occurs, according to a specified autoconversion rate, when a cloud water threshold is exceeded. The specification of this threshold is based on empirical in-cloud observations of cloud liquid water amounts. Included in the scheme are simple formulations for raindrop accretion and evaporation. The results from RegCM using the new scheme, tested over North America, show significant improvements when compared to the old version. The outgoing longwave radiation, albedo, cloud water path, incident surface shortwave radiation, net surface radiation, and surface temperature fields display reasonable agreement with the observations from satellite and surface station data. Furthermore, the new model is able to better represent extreme precipitation events such as the Midwest flooding observed in the summer of 1993. Overall, RegCM with the new scheme provides for a more accurate representation of atmospheric and surface energy and water balances, including both the mean conditions and the variability at daily to interannual scales. The latter suggests that the new scheme improves the model's sensitivity, which is critical for both climate change and process studies.
Introduction
In many applications of the National Center for Atmospheric Research (NCAR) Regional Climate Model (RegCM), an accurate simulation of the energy and water cycles is crucial [Giorgi and Mearns, 1999] . The presence of clouds and resulting precipitation is the primary control on these cycles. It is therefore important to accurately represent cloud processes in many modeling applications. Clouds, however, are often poorly represented in both regional and global climate models (RCMs and GCMs, respectively) partly because some of the key cloud processes occur at spatial and temporal scales not resolved by current models. This study presents a simple, yet physical, resolvable-scale (nonconvective) moist physics and cloud scheme for the NCAR RegCM that accounts for the subgrid variability of clouds, the accretion of cloud water, and the evaporation of raindrops.
The response of the climate system to changes in greenhouse gases, sulfate aerosols, soil moisture, and vegetation is strongly influenced by cloud processes. For example, the IPCC [1995] Copyright 2000 by the American Geophysical Union.
General Model Description
The NCAR RegCM was originally developed by Dickinson et al. [1989] , Giorgi and Bates [1989] , and Giorgi [1990] using the Penn State/NCAR Mesoscale Model version 4 (MM4) [Anthes et al., 1987] as the dynamical framework. Here we provide only a brief description of RegCM (except for the large-scale cloud and precipitation models); A more detailed description can be found in the works of Giorgi and Mearns [1999] and references therein.
As MM4, RegCM is a primitive equation, hydrostatic, compressible, sigma-vertical coordinate model. Unlike MM4, RegCM is adept for climate studies. The atmospheric radiative transfer computations are performed using the CCM3-based package [Kiehl et al., 1996] , and the planetary boundary layer computations are performed using the nonlocal formulation of Holtslag et al. [1990] . The surface physics calculations are performed using a soil-vegetation hydrological process model (Biosphere-Atmosphere Transfer Scheme (BATS) [Dickinson et al., 1986] ). The unresolvable precipitation processes (cumulus convection) are represented using the Grell parameterization [Grell, 1993; Grell et al., 1994] in which the Arakawa and Schubert [1974] quasi-equilibrium closure assumption is implemented. The resolvable (large scale) cloud and precipitation schemes are described below.
RegCM requires initial conditions and time-dependent lateral boundary conditions for wind components, temperature, surface pressure, and water vapor. A brief description of the initial and boundary conditions is provided in section 3.
Description of the Large-Scale Cloud and Precipitation Schemes
In this section we provide a detailed description of the largescale cloud and precipitation schemes now implemented in RegCM. By large scale we mean nonconvective clouds that are resolved by the model. The first scheme described is referred to as the simplified explicit moisture scheme (SIMEX [Giorgi and Shields, 1999] ), and the second scheme is referred to as Subgrid Explicit Moisture Scheme (SUBEX, this study). Hydrostatic water loading is included in the pressure computations, and ice physics are not explicitly represented in either scheme. Both schemes treat only nonconvective cloud and precipitation processes; Cumulus convective processes and the other nonconvective processes are considered independent of one another during each time step.
Simplified explicit moisture scheme (SIMEX).
SIMEX is a simplified version of the fully explicit moisture scheme presented by Hsie et al. [1984] . The Hsie et al. [1984] formulation includes prognostic equations for both cloud water and rainwater. Because of its complexity and hence heavy computational expense, Giorgi and Shields [1999] simplified the Hsie et al. [1984] scheme into SIMEX. In SIMEX the prognostic variable for rainwater has been removed, and the computations for rainwater accretion, gravitational settling, and evaporation are no longer performed. These simplifications resulted in a significant reduction in the total model computation time. The following provides a description of SIMEX similar to that presented by Giorgi and Shields [1999] .
Cloud water Qc in SIMEX forms when the average grid cell relative humidity exceeds saturation. The water vapor in excess of saturation is converted directly into cloud water. The cloud water can advect, diffuse, and reevaporate, in addition to form precipitation.
Precipitation P in a given model level is formed when the cloud water content exceeds the autoconversion threshold Qtch according to the following relation: P = Cppt(Qc -Qtch),
where 1/Cpp t can be considered the characteristic time for which cloud droplets are converted into raindrops. Precipitation is assumed to fall instantaneously. The autoconversion threshold is an increasing function temperature (see Figure sacrifice. Table 1 
where RHmii• is the relative humidity threshold at which clouds begin to form, and RHma x is the relative humidity where FC reaches unity. FC is assumed to be zero when RH is less than RHmi n and unity when RH is greater than RHma x. 
where T is temperature in degrees Celsius, and Cacs is the autoconversion scale factor. By scaling the Qc-T relationship, we assume that the threshold takes the shape of the mean cloud conditions. Over the ocean there are typically fewer cloud condensation nuclei than over land. As a result, the cloud droplets over the ocean are larger and hence less buoyant than those over land [Rogers and Yau, 1989 
where Pacc is the amount of accreted cloud water, Cacc is the accretion rate coefficient, and Psum is the accumulated precipitation from above falling through the cloud. Accretion only takes place in the cloudy portions of the grid cell. For simplicity, Psum is assumed to be distributed uniformly across the grid cell. In other words, no knowledge of the cloud fraction in which the precipitation formed is used. In some cases, this may tend to overestimate the effects of accretion.
Raindrop Evaporation (SUBEX Only)
As with raindrop accretion, raindrop evaporation can also be an important process under certain conditions [Rogers and Yau, 1989] . In arid regions, a significant quantity of the precipitation that forms often evaporates before it reaches the surface. Neglecting this process may lead to the simulation of excessive precipitation in arid regions [Small et al., 1999a 
where Pevap is the amount of evaporated precipitation, and Cevap is the rate coefficient. More raindrop evaporation occurs where the air is dry relative to saturation. As with the formulation for accretion, Psum is assumed to be distributed uniformly across the grid cell. Only raindrops falling through the cloud-free portion of the grid box are allowed to evaporate. Inclusion of this process may also result in a decrease in the number of numerical grid point storms [Molinari and Dudek, 1986] .
Design of Numerical Experiments
In this section we provide a description of the numerical experiments performed in this study. Each run is initialized on 
Model Evaluation Data Sets
Four data sets are used to evaluate the model performance:
ERBE, NASA-SRB, ISCCP-D2, and the U.S. Historical Climatology Network (USHCN) data [Karl et al., 1990] . Each of these data sets are completely independent of the NCEP reanalysis data used to force the model. Table 2 provides a summary of the spatial and temporal coverage of the observational fields used to evaluate the model's performance. The ERBE data are derived from satellite observations of the top of the atmosphere fluxes [Barkstrom, 1984] . They represent the balance between incoming energy from the Sun and outgoing longwave and shortwave energy from the Earth. The data span the period February 1985 through April 1989 and are provided on a 2.5 ø equal-area grid. For convenience, we regrid the data to a 2.5 ø latitude-longitude grid. In this study we use the top of the atmosphere outgoing longwave radiation and albedo to evaluate the model. Kiehl and Ramanathan [1990] report that the time-averaged accuracy of the fluxes is within 10 W/m 2. It is probable, however, that the biases vary by region and season. In addition, the uncertainty is likely to be higher when comparing individual months of a particular year.
ISCCP-D2 Data
The ISCCP-D2 data provide comprehensive cloud property information based on satellite measurements [Rossow et al., 1996; Rossow and Schiffer, 1999] . These data span January 1986 through December 1993 (missing February 1987 through June 1987) and are provided on a 2.5 ø equal-area grid. For convenience, we regrid the data to a 2.5 ø latitude-longitude grid. In this study we use the cloud water path measurements to evaluate the model. The D2 product is significantly more accurate than the original C2 product, however, precise numbers on the accuracy of these data are unclear. To our knowledge these are the best measurements of cloud water content available for our purposes.
NASA-SRB Data
The NASA-SRB is derived from a variety of data sources, including the ISCCP-C1 and ERBE data products [ 
U.S. Historical Climatology Network Data
The USHCN [Karl et al., 1990 ] data include monthly averaged mean, maximum, and minimum temperature and total monthly precipitation. The data set consists of 1221 highquality stations from the U.S. Cooperative Observing Network within the 48 contiguous United States and was developed to assist in the detection of regional climate change. The period of record varies for each station but generally includes the period from 1900 to 1996.
The precipitation and temperature data are interpolated onto the RegCM grid defined in section 3. The interpolation is performed by exponentially weighting the station data according to the distance of the station from the center of the RegCM grid cell, with a length scale of 50 km. In addition, the temperature data are corrected for elevation differences between the model and the USHCN data.
Results
In this section the simulations utilizing SIMEX to represent the large-scale cloud and precipitation physics are compared to those utilizing SUBEX. Monthly averages from the data are computed over. the Upper Midwest defined in Figure 3 and then compared to observations. We focus on the Midwest because it is one of the most agriculturally productive regions in the world. In addition, it is a region that is vulnerable to extreme summer flood and drought. As a result, it is particularly important to accurately simulate the energy and water budgets of this region. Furthermore, the observational data used to evaluate the model performance are less likely to have errors due to the relatively flat and homogeneous land surface (see section 4). Table 3 
Radiation Budget
In many modeling applications it is crucial to accurately simulate the surface energy budget. To do so, however, it is essential that the atmospheric components of the water and energy budgets are adequately predicted. In this section we evaluate the model's performance in simulating the top of the atmosphere albedo and outgoing longwave radiation and the surface incident shortwave radiation and net radiation.
Top of the atmosphere albedo determines the amount of incoming solar radiation that is reflected back into space and can be used as a surrogate for cloud amount. Figure 4 displays the model predictions of top of the atmosphere albedo compared to the ERBE observations. In the simulations with RegCM using SIMEX, almost every data point lies above the one-to-one line corresponding to a large bias (0.097), which is nearly equal to the rmse (0.108). This is a clear indication that SIMEX tends to overestimate cloud amount. The slope of the best fit data is 1.41, indicating that SIMEX also overestimates the seasonal variability of albedo and hence cloud coverage.
Most of this overestimation occurs during the warmer months of the year (April through September) where the slope of the data is steeper than 1.41. With this in mind, a correction of the bias alone will not be adequate. Improvements in the seasonal and interannual variability are also required. RegCM using SUBEX to represent the moist physics performs significantly better in reproducing the mean observations of top of the atmosphere albedo (bias = 0.024). SUBEX also performs considerably better in representing the seasonal and interannual variability of albedo (slope = 0.91). In addition, there is reduced scatter about best fit and one-to-one lines of the model data against observations (rmse -0.037). Although there are improvements to this scatter, a significant amount still remains.
Top of the atmosphere outgoing longwave radiation is also a key component of the atmospheric energy balance and can be used as a measure of cloud height (i.e., cloud top temperature). Overall, RegCM, using SUBEX, results in substantially better performance in representing the atmospheric and surface energy budgets. The biases in all components of the radiation budget were reduced to values near zero. In addition, the representation of seasonable variability is improved. However, an overestimate (but reduction when compared to SIMEX) in the variability remains during the spring and summer months. This may point to deficiencies in the representation of convective cloud cover and water, since this problem occurs primarily in convectively active months. The following subsection investigates whether the improvements in the energy budget result in improvements to the water budget.
Water Budget
To demonstrate the water budget, we compare the model to observations of cloud water path and precipitation. 
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-50. Maximum temperature (Figure 14 ) displays properties similar to those for mean surface temperature. In SIMEX there is a low bias of 2.12øC, a rmse of 2.96øC, and a slope of 1.05. The low bias is consistent with the underprediction of incident surface shortwave radiation. As with mean surface temperature, the SIMEX simulations tend toward a cold bias during the transition seasons and have little bias during the consistent regimes. SUBEX is able to correct a significant portion of the biases observed during the spring and autumn months; however, there is still room for improvement. The overall bias, rmse, and slope of the simulation using SUBEX are -0.81 ø, 1.65 ø, and 1.04øC, respectively. These results suggest improvements in the ability of SUBEX to simulate the interannual variability of maximum surface temperature. 
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-lO. The results for minimum surface temperature are presented in Figure 15 . The simulations using SIMEX have a significant warm bias of 1.24øC and a rmse of 1.99øC. In addition, the overall seasonal variability is somewhat underrepresented (slope = 0.92); most of the underrepresentation occurs during colder months (December through March). SUBEX tends to overestimate minimum surface temperature even more so than SIMEX (bias -1.68øC). The rmse (1.98øC), however, remains nearly the same as with SIMEX. Since the bias is part of the rsme, the variability of the simulation data about the one-toone line decreases in SUBEX. This suggests that processes representing the variability in minimum surface temperature are better represented in SUBEX. However, the processes that represent the mean conditions are not so well represented as they are in SIMEX. With the decrease in cloud amount seen in Figure 9 , one may expect a decrease in the longwave radiation emitted toward the land surface and hence a decrease in nighttime (minimum) surface temperatures. Upon further inspection, however, it is evident that the increase in net surface radiation ( Figure 7 ) and associated increase in ground heat flux (not shown) resulted in an increase in minimum surface temperature. This is further reinforced by the increased heat capacity of the soils due to an increase soil moisture (not shown) from the overall increase in precipitation (Figure 10 ). In addition, the water vapor content of the air in the lower atmosphere tends to be larger in the SUBEX simulations (not shown) resulting in an enhanced greenhouse effect for water vapor also increasing the nighttime temperatures. These factors suggest an inconsistency between the biosphere model (BATS) and the overlying atmospheric processes. It should be expected that if the atmospheric water and energy budgets are improved, the land surface water and energy budgets should also improve This is not the case with mean conditions (bias) of minimum surface temperature. Lastly, SUBEX performs slightly better in representing the seasonal variability of minimum surface temperature (slope = 0.97).
Despite the increase in the bias in minimum surface temperature, RegCM using SUBEX to represent the large-scale cloud and precipitation processes results in significant improvements to the simulation of the surface temperature fields.
Simulation of Extreme Precipitation Events
In the summer of 1988 the U.S. Midwest experienced its warmest and driest summer since the dust-bowl era of the 1930s (Figure 16a) [Ropelewski, 1988] . In contrast, record high rainfall and flooding occurred and persisted throughout much of the summer during 1993 (Figure 16b 10.
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-15. The reasons that SUBEX more accurately represents the 1993 summer flooding over the upper Midwest are both directly and indirectly related to the simulation of cloud water path. First, the lower autoconversion threshold specification (see Figure 1 ) results in an increase in the amount of cloud water that is converted to nonconvective precipitation. Second, the reduction in cloud water results in an increase in incident surface shortwave radiation. This yields an increase in the energy available for convection and results in an increase convective precipitation (not shown). Lastly, the increase in soil moisture resulting from the increase in precipitation is also likely to have enhanced the precipitation during the summer of 1993.
Summary and Conclusions
A simple, yet physically based, large-scale cloud and precipitation scheme, which accounts for the subgrid variability of clouds, is presented (SUBEX). Also highlighted are significant modifications made to the specification of the initial and boundary conditions of atmospheric and biospheric variables. Overall, SUBEX significantly improves the model's simulation of the energy and water budgets. The most significant improvements occur in the prediction of the radiation fields (incident surface shortwave radiation, net surface radiation, outgoing longwave radiation, and albedo) and in the prediction of extreme wet precipitation events (namely, the summer of 1993). Not only does SUBEX reduce the biases between the simulation and the observations (except minimum surface temperature) but also significantly improves the simulation of the seasonal and interannual variability. SUBEX proves to be crucial in the simulation of the flooding that occurred in the summer of 1993. Without SUBEX the rainfall over the flood region is simulated as only slightly above normal. On the other hand, few major differences are observed between the schemes in the simulation of the spring/summer drought of 1988. Both models, however, adequately represent the low amounts of observed precipitation.
Overall, SUBEX provides a more accurate representation of the fields that are important to the energy and water budgets. These improvements are seen in both the mean conditions and the variability at daily to interannual scales. The latter suggests that the new scheme improves the model's sensitivity, which is critical for both climate change and process studies.
